Several lines of evidence indicate that the oxidative modification of low density lipoproteins (LDL) may provide an important link between plasma LDL and the genesis ofthe atherosclerotic lesion. Ascorbate is an important water-soluble, chainbreaking antioxidant in humans. Probucol, a lipid-soluble antioxidant drug has been shown to retard the progression of atherosclerosis. The aim of the present study was to compare the effects of probucol and physiologic levels of ascorbate on the oxidative modification of LDL in both a cell-free (2.5 ,M Cu++ in phosphate-buffered saline) and cellular system (human monocyte macrophages in Ham's F-10 medium). Both ascorbate and probucol inhibited the oxidative modification of LDL in both systems to a similar degree as evidenced by the thiobarbituric acid-reacting substance activity, electrophoretic mobility, and degradation by macrophages. However, whereas co-incubation with physiologic levels of ascorbate resulted in a substantial preservation of the a-tocopherol, y-tocopherol, and (3-carotene of the LDL, probucol in concentrations ranging from 10 to 80 ,M failed to protect these antioxidants. Thus, in addition to being as potent as probucol in inhibiting the oxidation of LDL, ascorbate in contrast preserves the endogenous antioxidants in the LDL. (J. Clin. Invest. 1991. 87:597401.) 
Introduction
The oxidative modification of low density lipoprotein (LDL) may provide an important link between plasma LDL and the development ofatherosclerosis (1, 2) . Available data accrued to date suggesting that oxidatively modified LDL (Ox-LDL)' may promote atherogenesis include (a) uptake by the scavenger receptor and stimulation of cholesterol esterification, (b) a cytotoxic effect, e.g., to endothelium, (c) increased recruitment of monocytes into the intima by its chemoattractant activity, and (d) retention of macrophages in the intima by its inhibitory effect on macrophage motility (3) (4) (5) (6) . Furthermore, evidence has been presented for the occurrence of a modified form of LDL with many physical, chemical, and biological properties of Ox-LDL in arterial lesions, and antibodies against Ox-LDL recognize material in the atherosclerotic lesions ofhumans and LDL-receptor deficient rabbits (7) (8) (9) . Hence, if Ox-LDL contributes to atherogenesis, the role ofantioxidants in the prevention of the oxidative modification of LDL assumes great importance.
Probucol, 4,4'-(isopropylidenedithio) bis (2,6di-tert-butylphenol), a hypocholesterolemic drug, the structure of which is similar to the antioxidant butylated hydroxytoluene (10) , in- hibits the oxidative modification of LDL when tested in vitro; in addition, LDL from probucol-treated patients is highly resistant to oxidative modification (1 1) . Moreover, in LDL receptor-deficient rabbits probucol inhibits both the rate of uptake and degradation of LDL in areas of atherosclerotic lesions and retards progression of these lesions (12, 13) . Hence, if antioxidants can be used in the prevention ofatherosclerosis, probucol is a rational choice. However, long-term use ofprobucol has its drawbacks. As a drug, it has various side effects (14, 15) . It is contraindicated in certain patients (recent or progressive myocardial damage, prolonged QT interval, and syncope ofcardiovascular origin) (14, 15) . Furthermore, probucol therapy results in a substantial reduction in HDL cholesterol, the consequences ofwhich are unknown. Thus the potential ofstandard dietary antioxidants on the oxidative modification of LDL needs to be evaluated since they are free from systemic side effects and do not appear to have any major untoward actions on the plasma lipoprotein profile. (3-Carotene in vitro does not appear to inhibit the oxidative modification of LDL (5, 16 ). However, it recently has been shown that ascorbate is more potent than a-tocopherol in inhibiting the oxidation ofLDL in a cell-free system (17, 18) . Hence the present study was undertaken to compare the effects of ascorbate and probucol on the oxidative modification of LDL in both a cell-free system and a cellular system and also determine their effects on the endogenous antioxidants present in LDL.
Methods
Low density lipoprotein (d 1.019-1.063 g/ml) was isolated by sequential ultracentrifugation from normal human plasma collected in EDTA (I mg/ml) (19) . The isolated LDL was exhaustively dialyzed against 150 mM NaCl, I mM EDTA pH 7.4 filtered, and stored at 4°C under nitrogen and used within 2 wk. An aliquot of LDL was labeled with carrier-free 1251 by a modification of the iodine monochloride method (19) . Protein was measured by the method of Lowry et al. (20) using bovine serum albumin as a standard.
Human monocytes were isolated by density-gradient centrifugation from blood derived from fasting normolipidemic subjects (21). 20 ml ofblood (anticoagulated with 10 U/ml heparin) was layered over 15 ml ofFicoll-Paque and centrifuged at 500 g for 30 min at 23°C. The mixed mononuclear cell band was removed by aspiration and the cells were washed thrice in RPMI 1640 culture medium containing 100 U/ml penicillin, 100 Mg/ml streptomycin, and 2 mM glutamine. The cells were plated at 2 x 106 mononuclear cells per 16-mm dish or 5 X 106 cells per 35-mm dish (Primaria brand, Falcon Labware, Becton, Dickinson & Co., Oxnard, CA) in the same medium. After 2 h ofincubation at 370C in 5% C0J95% air, nonadherent cells were removed by three washes with serum-free medium. The cells were then placed in fresh medium containing 20% autologous serum and were fed twice weekly with the same medium. Monocyte-derived macrophages were used within 10-14 d of plating. The purity ofthe cells was confirmed by the characteristic morphology of these monocyte-derived macrophages and the positive nonspecific esterase staining of > 95% of cells using naphthyl acetate as substrate (22). The 16-mm well dishes were used for the degradation assay and the 35-mm dishes were used for the oxidative modification of LDL.
LDL (200 gg/ml) was oxidized in a cell-free system in the presence of copper (Cu++) in phosphate-buffered saline (PBS) for 24 h at 370C (18, 23) . The oxidative modification was performed in the absence and presence of ascorbate and probucol (dissolved in ethanol). Probucol was a gift of the Merrell Dow Chemical Company, Cincinnati, OH. The macrophage modification of LDL was undertaken as previously described (24) , except that human monocyte-derived macrophages were used instead of mouse-peritoneal macrophages. This was done to keep the system homologous since the effect of antioxidants on the oxidative modification of human LDL was being tested. In the cellular system, LDL (100 Mtg/ml protein) was incubated with human monocyte macrophages in Ham's F-I0 media for 24 h at 370C in the absence and presence of ascorbate and probucol. The concentration of ascorbate used in these experiments is the minimum concentration at which the oxidative modification of LDL is inhibited substantially as determined by a dose response curve (18) . Although Parthasarathy et al. ( 11) showed that probucol in concentrations as low as 1 Mm had some inhibitory effect on the oxidative modification of LDL, in preliminary studies we found that only 10 MAM probucol reproducibly inhibited the oxidative modification of LDL. Hence, probucol at a concentration of 10 MM was used. Cell-free controls (LDL in F-10 media and RPMI) were also undertaken. After the incubation, the media was aspirated, centrifuged at 1,000 g for 10 min to pellet any detached cells or debris, and the supernatant collected. In both systems oxidation was arrested by refrigeration and the addition of 200 MM EDTA and 40 MM butylated hydroxytolouene.
The lipid-peroxide content ofthe Ox-LDL was measured by a modification of the thiobarbituric acid-reacting substances (TBARS) assay of Buege and Aust as described previously (25) . TBARS were expressed as malondialdehyde (MDA) equivalents using freshly diluted malondialdehyde bis (dimethyl acetal), i.e., 1, 1,3,3-tetramethoxypropane as standard. LDL electrophoresis was carried out at pH 8.6 in 0.05 M barbital buffer on 0.5% agarose gels as described (26) . The gels were stained with Sudan B black.
The uptake and degradation of '25I-LDL by human monocyte-derived macrophages were measured as the appearance of trichloracetic acid-soluble radioactivity (noniodide) formed by the cells and excreted in the medium after a 5-h incubation of 125I-Ox-LDL with the cells in RPMI-1640 media (27) . Macrophages fail to modify LDL in this medium. Degradation rates were corrected for cell-free controls incubated in parallel. The macrophages remaining in the wells after aspiration of the media were washed thrice with cold PBS, dissolved in 0. IN NaoH and their protein content was determined (20) . Results were expressed as the amount of lipoprotein degraded per milligram of cell protein.
To determine the effect of ascorbate .and probucol on the endogenous antioxidants in LDL during the oxidative modification, the concentration of a-tocopherol, -y-tocopherol, and #-carotene in the LDL particle was quantitated. After extraction, the concentration of atocopherol, y-tocopherol, and 3-carotene in the LDL samples were measured by reversed phase, high performance liquid chromatography (28).
All results were expressed as mean±SEM of triplicate determinations unless stated otherwise. All experiments were repeated on at least two occasions with similar results.
Results
The oxidative modification of LDL was assessed by both its enrichment in lipid peroxides (TBARS assay) and its increased negative charge (electrophoretic mobility). When LDL was incubated with Cu++ for 24 hs, both ascorbate (40 and 60 ,gM) substantially inhibited the oxidative modification of LDL as reflected by both the electrophoretic mobility and TBARS content as depicted in Table I ; however, whereas 5 jzM probucol did not significantly inhibit the oxidative modification ofLDL, 10 gM probucol had a significant effect. Hence, in all other experiments 10 ,M probucol was used. Further, by inhibiting the oxidative modification ofLDL, ascorbate and probucol (10 ,gM) substantially decreased uptake and degradation of 125I-LDL by the macrophages (Table I) .
Human monocyte-derived macrophages clearly modify LDL as evidenced by the increased lipid-peroxide content and increased negative charge of the modified LDL and increased uptake by the scavenger-receptor mechanism. Both ascorbate (40 uM) and probucol (10 MM) inhibited the macrophage-mediated oxidation of LDL as evidenced by the electrophoretic mobility and TBARS content; ascorbate decreased the TBARS by 90% whereas probucol decreased the TBARS by 80% as shown in Fig. 1 . By inhibiting the oxidative modification of LDL, both ascorbate and probucol prevented its uptake and degradation by a second set of cultured macrophages (Fig. 2) . Figure 1 . Effect of ascorbate and probucol on the macrophage modification of LDL. LDL (100 ,ug/ml) was incubated with human monocyte-derived macrophages (35-mm dishes) in Ham's F-10 media for 24 h at 37°C in the absence and presence of ascorbate and probucol. Cell-free controls of LDL in either F-10 or RPM1-1640 media were also undertaken. After the incubation, the reaction was arrested as described in the legend to Table I and the media were centrifuged. An aliquot ofthe supernatant was subjected to agarose gel electrophoresis (A) and assayed for TBARS activity (B) as described in Methods.
Previously, it has been shown in other systems that ascorbate can reduce the tocopheroxyl radical and hence regenerate tocopherol (29) (30) (31) . To investigate ifsuch a situation, obtained with respect to antioxidant effect of ascorbate on LDL, the effect of both ascorbate and probucol on the endogenous antioxidants present in the LDL particle was determined during copper-catalyzed oxidation of LDL. Oxidative modification of LDL in this system, as evidenced by the increased negative charge and increased lipid-peroxide content, resulted in an inability to detect a-tocopherol and ,B-carotene, and an 87.5% reduction in y-tocopherol content of LDL, compared to the control LDL (Table II) . Co-incubation of LDL with ascorbate during similar oxidative conditions inhibited LDL oxidation as evidenced by the decreased TBARS activity and electrophoretic mobility, and resulted in a preservation ofthe endogenous antioxidants in the LDL particle (,B-carotene 95%, fl-tocopherol 88%, and a-tocopherol 69% ofcontrol). However, whereas probucol (10 gM) also inhibited the oxidation of LDL to a similar degree as ascorbate, it failed to preserve the endogenous antioxidants in LDL. Since only a single concentration of probucol (10 uM) was used in this study, it could be argued that higher concentrations of probucol would result in a preservation of the endogenous antioxidants in LDL. Hence, LDL was incubated with higher concentrations of probucol, similar to Figure 2 . Effect of ascorbate and probucol on the degradation of '25I-LDL by human macrophages '25I-LDL (100 jg/ml) was incubated with human monocyte-derived macrophages (35-mm dishes) in Ham's F-10 media for 24 h at 370C in the absence and presence of ascorbate and probucol. After the incubation, the reaction was arrested as described in the legend to Fig. 1 . An aliquot of the supernatant was then added to a second set of macrophages (I 6-mm dishes) to yield a final concentration of 10 ytg/ml in RPM1 media. After a 24-h incubation, trichloracetic acid-soluble radioactivity corrected for cell-free controls was determined.
that attained in the plasma of patients treated with 1.0 g/d of probucol (32, 33) , during copper-catalyzed oxidation. Once again, while the higher concentrations of probucol more effectively reduced LDL oxidation, they failed to preserve the endogenous antioxidants (Table III) . Similar findings with respect to the preservation of the endogenous antioxidants in LDL with ascorbate but not probucol were obtained with macrophage modification of LDL (data not shown). Probucol did not interfere with the determination ofthe tocopherols or r-carotene by high-pressure liquid chromatography. 
Discussion
The best appreciated function of ascorbate is its role as a cofactor for prolyl and lysl hydroxylases in the biosynthesis of collagen (34) . However, ascorbate also is a water-soluble, chainbreaking antioxidant (35, 36) . It reacts directly with superoxide, hydroxyl radicals, and singlet oxygen (37) (38) (39) . Furthermore, it interacts with the tocopheroxyl radical resulting in the generation of tocopherol (29) (30) (31) . Also, it has been demonstrated that ascorbate is the most effective aqueousphase antioxidant in human plasma incubated with a watersoluble radical initiator (40) . Since the oxidation of LDL appears to be an extracellular event, the effect of a physiologic, water-soluble antioxidant on this process needs to be determined. Hence the effect of ascorbate on the oxidative modification of LDL was tested and compared to that of probucol, since it has been shown previously that probucol also prevents the progression ofatherosclerosis in Watanabe heritable hyperlipidemia (WHHL) rabbits (I 1, 12) . Since probucol seemingly does not directly prevent foam cell transformation of macrophages in WHHL rabbits or mice (41, 42), the action of probucol against atherogenesis in WHHL rabbits most likely is due to its inhibitory effect on the oxidative modification of LDL (41). In the present study, ascorbate was as potent as probucol in inhibiting the oxidative modification of LDL mediated by a transition metal or by human macrophages. By inhibiting the oxidative modification of LDL, both ascorbate and probucol prevented LDL uptake by the scavenger-receptor mechanism of macrophages. This action should prevent cholesteryl ester accumulation and hence foam cell formation (1). The cultured human monocyte-derived macrophage was chosen as the cellular system for oxidative modification because, in addition to being readily accessible, the oxidative modification resulting from incubation of LDL with these cells allows recognition by the scavenger-receptor mechanism. A biological characteristic of oxidatively modified LDL is recognition by the scavenger receptor mechanism (1) . LDL that is oxidatively modified by activated monocytes which are also an easily accessible source of human cells does not appear to be recognized by the scavenger receptor mechanism (43) . The concentration of ascorbate used in these studies to inhibit LDL oxidation (40-60 MM) is well within the normal plasma range (23-85 gM) (44) (45) (46) . In a recent study, it was shown that ascorbate levels were significantly lower in the aorta of patients with atherosclerotic vascular disease compared to controls (47) . Also, smokers have an -40% reduction in plasma ascorbate levels, and patients with coronary artery disease have abnormally low plasma levels of ascorbate (48) (49) (50) . In addition, cross-sectional epidemiological studies in Europe have revealed an inverse correlation between plasma ascorbate and the incidence of ischemic heart disease (5 1). All of these findings raise the possibility that lower levels ofascorbate in the arterial wall plays a role in development ofatherosclerosis. The data in the present study suggest that depleted levels of ascorbate in the arterial wall might predispose the LDL to oxidative modification by the macrophages, smooth muscle cells, and endothelial cells, and thereby promote atherogenesis. Although the effect of probucol to inhibit the oxidative modification of LDL has been studied (11, 12) , its ability to protect endogenous antioxidants of the LDL particle has not been examined. In the present study, whereas both ascorbate and probucol inhibited the oxidative modification of LDL to a similar degree, their effect on the endogenous antioxidants in LDL were very different. Ascorbate largely preserved the endogenous antioxidants in LDL, whereas probucol failed to preserve them. The effectiveness of probucol to inhibit macrophage uptake of LDL may be related to protection of the surface reactive amino groups (mainly lysine) against oxidation (52) . However, McLean and Hagaman (52) showed that in vitro incubation of LDL with probucol does not completely prevent oxidation since some fluorescent products of LDL oxidation could be detected. Since probucol does not completely inhibit the production of fluorescent oxidation products, but completely inhibits the decrease in reactive amino groups on the surface of LDL, these workers proposed that probucol prevented a secondary oxidation event that results in modification of lysine residues on the surface of LDL. Hence the findings in the present report would support this notion that probucol does not completely inhibit LDL oxidation since the endogenous antioxidants in LDL were completely consumed.
However, incubation of LDL with ascorbate in contrast largely preserved the natural antioxidants in LDL. This finding accords with the observations of Frei et al. (40) who used a different system. They demonstrated that addition of ascorbate (100 ,uM) to plasma incubated with a water-soluble radical initiator resulted in a transient protection of the endogenous antioxidants including a-tocopherol, bilirubin, and urate. This action cannot be attributed to the ability of ascorbate to reduce the tocopheroxyl radical to tocopherol since both the tocopherols and beta carotene were preserved. Therefore, ascorbate seemingly acts at a proximal step in the oxidation process, scavenging the free radical(s) and protecting the LDL particle from significant oxidative attack. In other words, ascorbate would appear to behave as a sacrificial antioxidant.
Although the data of the present study cannot be translated directly to the in vivo situation, it should be pointed out that in addition to ascorbate functioning as a chain-breaking antioxidant, ascorbate supplementation in animals leads to increased plasma and tissue vitamin E levels (53) . Hence, if antioxidant supplementation emerges as an important element in prevention of atherosclerosis, ascorbate will have to be given serious consideration as one component of this regimen.
